Abstract. Hypoxia-inducible factor-1α (HIF-1α) is known to play crucial roles in tumor radioresistance; however, the molecular mechanisms responsible for the promotion of tumor radioresistance by HIF-1α remain unclear. β-catenin is known to be involved in the metastatic potential of prostate cancer (PCa). In this study, to investigate the role of HIF-1α and β-catenin in the radioresistance of PCa, two PCa cell lines, LNCaP and C4-2B, were grouped as follows: Negative control (no treatment), HIF-1α overexpression group (transfected with HIF-1α overexpression plasmid) and β-catenin silenced group (transfected with HIF-1α plasmids and β-catenin-shRNA). Cell proliferation, cell cycle, cell invasion and radiosensitivity were examined under normal or hypoxic conditions. In addition, radiosensitivity was examined in two mouse PCa models (the LNCaP orthotopic BALB/c-nu mice model and the C4-2B subcutaneous SCID mice model). Our results revealed that in both the LNCaP and C4-2B cells, transfection with HIF-1α overexpression plasmid led to an enhanced β-catenin nuclear translocation, while β-catenin silencing inhibited β-catenin nuclear translocation. The enhanced β-catenin nuclear translocation induced by HIF-1α overexpression resulted in an enhanced cell proliferation and cell invasion, an altered cell cycle distribution, decreased apoptosis, and improved non-homologous end joining (NHEJ) repair under normal and irradiation conditions. Similar results were observed in the animal models. HIF-1α overexpression enhanced β-catenin nuclear translocation, which led to the activation of the β-catenin/NHEJ signaling pathway and increased cell proliferation, cell invasion and DNA repair. These results thus suggest that HIF-1α overexpression promotes the radioresistance of PCa cells.
Introduction
Globally, prostate cancer (PCa) is the most commonly diagnosed type of cancer in males (1) . In 2015, the incidence of PCa in Chinese males was estimated to be 9 per 100,000 individuals and the mortality rate was approximately 4.5 per 100,000 individuals. From 2005 to 2011, the average percentage increase in the incidence of PCa in China was 4.7%, representing the fastest growth rate in all cancer types in males (2) . These data indicate a high disease burden by PCa in China
The majority of cases of PCa are diagnosed at an early stage and treatments include surgery and radiotherapy, with or without androgen deprivation (1, 3, 4) . Depending on the tumor stage, between 55 and 90% of all PCa cases can be permanently controlled by radiotherapy (4) (5) (6) . However, approximately 50% of patients with PCa receiving radiotherapy will relapse within 5 years of treatment (7, 8) . Relapse following radiotherapy is multifactorial. It can result from an intrinsic radioresistance of a subpopulation of clones within the tumor (9) , or from acquired radioresistance during radiotherapy (10) (11) (12) . Therefore, radioresistance is a major challenge in the treatment of PCa. Oxygen is one of the most influential factors on the cytotoxic effects of radiation, due to its high affinity for free radicals produced by radiation in cellular components. Solid tumors usually have highly abnormal blood vessels and distended capillaries with leaky walls and sluggish flow, indicating a hypoxic environment that reduces the effects of radiation and promotes resistance to radiotherapy in solid tumors (13, 14) . In addition to the lack of oxygen as a chemical mechanism of resistance to radiation, cellular adaptive responses to hypoxia mediated by hypoxia-inducible factor-1α (HIF-1α) are involved in the induction of radioresistance in cancer cells (14, 15) . HIF-1α is activated in cancer cells, not only under hypoxic conditions, but also under normoxic conditions through cancer-specific genetic alterations and the resulting imbalance in intermediate metabolites (16) . Indeed, HIF-1α is activated in the presence of decreased Fe 2+ or α-ketoglutarate levels (16) . HIF-1α mediates radioresistance through a number of methods: i) By the reprogramming of glucose metabolism and the overproduction of antioxidants; ii) nucleic acid synthesis; iii) cell cycle regulation; iv) the protection of tumor blood vessels; and v) the repopulation of surviving cells after radiotherapy (16) . Therefore, HIF-1α is considered to play crucial roles in tumor radioresistance; however, the molecular mechanisms downstream of HIF-1α which are responsible for tumor radioresistance remain unclear.
The β-catenin signaling pathway regulates embryogenesis and tumor progression. Existing studies have demonstrated that the inhibition of β-catenin can lead to an enhanced radiosensitivity of the PCa cell line, PC3, and of the significantly radioresistant cancer cell line, AMC-HN-9 (17, 18) . The overexpression of HIF-1α promotes the invasive potential of human PCa cells through epithelial-mesenchymal transition (EMT) and β-catenin plays a vital role in this process (19, 20) . The knockdown of β-catenin induced by HIF-1α causes the reversal of EMT and metastatic phenotypic changes (19) . This suggests a potential mechanism involving β-catenin through which HIF-1α controls radioresistance in PCa.
The present study aimed to investigate the molecular mechanisms in relation to β-catenin that are downstream of HIF-1α, which may contribute to the radioresistance of prostate tumors. In addition, we utilized both PCa cell lines and animal models to examine our hypothesis through in vitro and in vivo interventions. Furthermore, we investigated protein markers for cell proliferation, cell invasion, cell cycle distribution, cell death and DNA repair in order to provide a comprehensive understanding of biological functional changes under the activation or inhibition of β-catenin with or without radiation treatment.
Materials and methods
Cell lines. The human PCa cell lines, LNCaP and C4-2B, were generous gifts from Dr Likun Li (MD Anderson Cancer Center). These two cell lines were validated by short tandem repeat DNA fingerprinting with the AmpFLSTR Identifiler kit (Applied Biosystems, Foster City, CA, USA) at the MD Anderson's Characterized Cell Line Core Facility. Both cell lines were cultured in DMEM containing 1 mM sodium pyruvate, 2.5 mM glutamine, 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified incubator containing 5% CO 2 . The LNCaP or C4-2B cells were divided into 3 experimental groups as follows: The negative control (no treatment), the HIF-1α overexpression group [transfected with the PcDNA3.1(-)/HIF-1α plasmid and screened for HIF-1α high expression clones] and the β-catenin silenced group (PSuper-β-catenin-shRNA vector used in HIF-1α-overexpressing cells to inhibit β-catenin expression and selected for clones with stable silencing of β-catenin). The negative control and β-catenin silenced groups were incubated under normoxic conditions (18%oxygen). Cells in the HIF-1α overexpression group were cultured under hypoxic conditions (1% oxygen; Biospherix, Ltd., Parish, NY, USA) during clone selection, and grown under normoxic conditions after the clones were identified and stabilized.
Plasmid transfection and RNA interference. In the HIF-1α overexpression group, PcDNA3.1(-)/HIF-1α recombinant plasmid transfection was conducted using Lipofectamine 2000 (Invitrogen Inc., Carlsbad, CA, USA) as described previously (20) . During preliminary experiments (data not shown), to further confirm that HIF-1α overexpression was due to transfection with the PcDNA3.1(-)/HIF-1α plasmids, a second negative control using PcDNA3.1(-) plasmid transfection was conducted in both cell lines.
A PSuper-enhancement green fluorescent protein 1 (EGFP1) vector was used to construct the PSuper-β-cateninShRNA and PSuper-Scramble-β-catenin-ShRNA plasmids based on a previous study (21) . The β-catenin-shRNA and scramble-β-catenin-shRNA primer sequences are listed below. In the β-catenin silenced group, HIF-1α overexpression clones were further knocked down for β-catenin expression using the β-catenin-shRNA plasmids using Lipofectamine RNAiMax transfection reagent (Life Technologies Co., Grand Island, NY, USA). During preliminary experiments (data not shown), to further that confirm β-catenin inhibition in the β-catenin silenced group was caused by β-catenin-shRNA transfection, a second negative control using scramble-β-catenin-ShRNA transfection was conducted in both cell lines. β-catenin expression was identified in these clones by a fluorescence microscope, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis. RNA interference was conducted based on a previously published protocol (19) .
The primer sequences of the shRNAs were as follows: β-catenin-shRNA forward, 5'-GAT CCC CGC AAC AGT CTT ACC TGG ACT TCA AGA GAG TCCAGG TAA GAC TGT TGC TTT TTA-3' and reverse, 3'GGG CGT TGT CAG AAT GGA CCT GAA GTT CTC TCA GGT CCA TTC TGA CAA CGA AAA ATT CGA5'; and scramble-β-cateninshRNA forward, 5'-GAT CCC CAA CGA GTG TGC CTA CAT CCT TCA AGA GAG GAT GTA GGC ACA CTC GTT TTT TTA-3' and reverse, 3'-GGG TTG CTC ACA CGG ATG TAG GAA GTT CTC TCC TAC ATC CGT GTG AGC AAA AAA ATT CGA-5'.
Immunofluorescence. The cells were fixed in 10% paraformaldehyde for 30 min and blocked with goat serum for 30 min. The cells were incubated at 37oC for 1 h with mouse anti-human β-catenin monoclonal antibody (sc7963, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:200. After being washed 3 times with PBS, the cells were co-incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody (sc2010, Santa Cruz Biotechnology) at 37˚C for 1 h. The fluorescence staining intensity and intracellular localization were then determined by a fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Western blot analysis. The cells were harvested after being washed with phosphate-buffered saline (PBS) twice, lysed with RIPA cell lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min on ice, and centrifuged at 16,000 x g for 15 min at 4˚C. The concentration of total protein was determined using a BCA protein assay kit. The clarified protein lysates (50 µg/load) were then separated on denaturing 10% SDS-PAGE gels and electro-transferred onto nitrocellulose membranes. The membranes were initially incubated with 5% non-fat dry milk in TBS for 2 h, and then probed at 4˚C overnight with the following antibodies: anti-HIF-1α (sc53546, 1:1,000), anti-Glut-1 (sc1605, 1:1,000), anti-VEGF (sc7269, 1:500) (HIF-1α signaling markers, Santa Cruz Biotechnology), anti-t-β-catenin (ab16051, 1:1,000), anti-p-β-catenin (Ser45, ab18824, 1:500), anti-p-β-catenin (Y654, ab59430, 1:500), anti-t-GSK-3β (ab131356, 1:500), anti-p-GSK-3β (Ser9, ab131097, 1:500) (β-catenin signaling markers; Abcam, Cambridge, MA, USA), anti-E-cadherin (sc8426, 1:1,000) and anti-CK18 (sc70917, 1:1,000) (epithelial markers; Santa Cruz Biotechnology), anti-vimentin (sc6260, 1:1,000), anti-fibronectin (sc8422, 1:500), anti-matrix metalloproteinase (MMP)2 (sc13595, 1:500) (mesenchymal markers; Santa Cruz Biotechnology), anti-vascular endothelial growth factor receptor (VEGFR; ab2349, 1:50) (angiogenesis marker; Abcam), anti-CDK1 (ab18, 1:1,000), anti-p-CDK1 (Y15, ab47594, 1:1,000), anti-Chk1 (ab47574, 1:1,000), anti-p-Chk1 (S296, ab79758, 1:500), anti-Chk2 (ab47433, 1:500), anti-p-Chk2 (T387, ab55319, 1:500), anti-Rb (ab226979, 1:1,000), anti-p-Rb (S780, ab173289, 1:100), anti-p21 (ab227443, 1:500) (cell cycle markers; Abcam), anti-caspase-3 (cs9662) (1:1,000), anti-cleaved-caspase-3 (Asp 175, cs9661, 1:1,000), anti-caspase-7 (cs9492, 1:500), anti-cleaved-caspase-7 (Asp 198, cs9491, 1:500), anti-cleaved poly(ADP-ribose) polymerase (PARP)-1 (Asp214, cs5625, 1:500), anti-Bax (cs2772, 1:1,000) (apoptosis markers; Cell Signaling Technology, Danvers, MA, USA), anti-Bcl-2 (cs2872, 1:1,000), and anti-Bcl-xL (cs2762, 1:1,000) (anti-apoptosis markers; Cell Signaling Technology), anti-γH2AX (cs7631, 1:250) [DNA double-strand break (DSB) marker; Cell Signaling Technology], anti-Ku70 (ab53126, 1:500), anti-Ku80 (ab53126, 1:500) and anti-DNA-dependent protein kinase, catalytic subunit (DNA-PKcs; ab230, 1:500) [non-homologous end joining (NHEJ) pathway markers; Abcam] and anti-GAPDH (sc47724, 1:1,000) (internal control, Santa Cruz Biotechnology) antibodies. The membranes were then hybridized with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (sc2004/sc2005, Santa Cruz Biotechnology) for 2 h at room temperature. An enhanced chemiluminescence system (Amresco Inc., Solon, OH, USA) was used to detect the immunopositive protein bands.
MTT assay. The cells (1x10 4 /well) were placed into 96-well plates. At 24, 48 and 72 h, 50 µl MTT solution (2.5 mg/ml; 50 µl) were added followed by incubation for an additional 4 h. Cell-associated MTT crystals were dissolved in DMSO (150 µl/well). The color intensity was measured at 570 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).
In vitro invasion assay. Polycarbonate filters (8-µm-thick; Millipore corp., Billerica, MA, USA) were coated with 50 µg/cm 2 of reconstituted Matrigel (Sigma, St. Louis, MO, USA). The cells (50,000 in 300 µl of serum-free growth medium) were seeded into the upper chamber. The cells were incubated under normoxic conditions and allowed to migrate toward the complete growth medium for 24, 48 and 72 h. Non-invading cells were removed mechanically using cotton swabs. The migrated cells, located on the lower surface, were fixed with methanol and stained with Giemsa (G1062, Solarib Biotechnology, Beijing, China). The number of migrating cells was determined by counting 10 random fields of view on each membrane and photographed by field at x400 magnification under an inverted microscope (Olympus Corporation). Data are presented as the mean number of cells per field. Each experiment was repeated 3 times.
Flow cytometry. The cells were harvested and stained with propidium iodide for 30 min at room temperature. Analysis was performed at a 405-nm excitation and emission collected with a 450/50 band-pass filter using a FACSCanto II Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Histograms of DNA content were analyzed using FlowJo software (Tree Star Inc, Ashland, OR, USA) to determine cell cycle distribution.
Clonogenic survival assay. The cells were seed in 6-well plates at 2x10 4 /well. After sequential radiation and maintenance, the cells were fixed with 100% cold methanol for 20 min, washed once with PBS, and stained with 0.5% crystal violet (G1062, Solarib Biotechnology) diluted in 20% methanol for 20 min. Colonies were stained with crystal violet and counted with a computer-assisted program as described previously. Colonies with >50 cells were counted under a microscope.
DNA fragmentation assay.
A DNA fragmentation assay was performed using a Cell Death Detection ELISA kit (Roche, Mannheim, Germany) for the apoptotic evaluation of in vitro radiation to cells with different β-catenin expression and location, according to previously published methods (22) . DNA fragmentation was quantified by measuring absorbance at 405 nm with a reference wavelength at 490 nm. Data presented are representative of 3 or more independent experiments.
In vitro radiation treatment. The cells were seeded onto proper cell-culture plates 24 h prior to irradiation. The cells were irradiated at room temperature with a single dose of 6 Gy at a rate of 1 Gy/min using a Gamma cell 40 Exactor (137Cs γ-ray photon radiation; Nordion, Ottawa, Canada). Following irradiation, all samples were returned to a 5% CO 2 incubator and maintained 72 h for DNA fragmentation assay, sub-G1 population detection, clonogenic survival assay, flow cytometry and western blot analysis, and 14 days for colony formation assay.
Animals. BALB/c nude mice and SCID mice (male, 4 weeks old, 20-25 g) were purchased from Charles River Laboratories (Boston, MA, USA) and maintained in a specific pathogenfree (SPF) class 100 clean room. Animal studies were conducted according to the recommendations outlined in the Guide for the Care and Use of Laboratory Animals in the Weatherall report. Animal experiments were approved by the Committee on the Ethics of Animal Experiments of the Capital Medical University, Beijing, China.
Orthotopic LNCaP tumor xenografts. The cells (3x10 6 /animal; LNCaP-luc, LNCaP-luc/HIF-1α, or LNCaP-luc/HIF-1α + shRNA) were injected orthotopically into the dorsolateral prostate of 4-week old athymic nude male mice. Approximately 2-6 weeks later, all mice were monitored using an IVIS Lumina Imaging System (Perkin-Elmer Life Sciences, Waltham, MA, USA). Mice with a strong luciferase bioluminescence signal >5x10 6 were treated with radiation as described below. Tumor size was monitored every 5 days according using the luminescence signal.
Subcutaneous C4-2B tumor xenografts. The cells (C4-2B, C4-2B/HIF-1α and C4-2B/HIF-1α + shRNA) were re-suspended in serum-free DMEM, mixed 1:1 with Matrigel (BD Biosciences). The cells (1x10 6 /animal) were injected subcutaneously into the left flanks of previously castrated SCID mice (Charles River Laboratories, Wilmington, MA, USA). When palpable tumors reached a volume of 30-50 mm 3 , the mice were subjected to radiation as described below. Tumor size was monitored by measuring two dimensions and the volume was calculated by calculating length x width 2 /2.
In vivo radiation treatment. The nice were irradiated using an Elekta6-MV photon linear accelerator. Five fractions of 2 Gy were delivered over 5 consecutive days for a total dose of 10 Gy with a dose rate of 1 Gy/min. After the final irradiation treatment, the mice were observed for 21 consecutive days. When the 21-day protocol was completed, all mice were euthanized by carbon dioxide inhalation, and the tumors were harvested. CO 2 was displaced in the euthanisia chamber at the rate of 10-30% of chamber volume per min. Mice were also euthanized ahead of protocol if they became severely weak or if the tumor reached 20 mm.
Immunohistochemistry. At the endpoint of animal protocol, tumors were harvested intactly and clearly, and then fixed by 4% paraformaldehyde for at least 24 h. Subsequently, speciments were successively dehydrated by ethanol and treated by xylene. Finally, speciments were embedded by paraffin and prepared as 2-µm-thick slices for immunohistochemical staining. BRCA1 and Ki67 immunohistochemistry was carried out on formalin-fixed and paraffin-embedded tissue sections from the 21-day LNCaP and C4-2B tumor xenografts following in vivo radiation. After the tissue sections were de-paraffinized and rehydrated through graded alcohol, they were heated in a microwave in 0.01 mol/l citrate buffer at pH 6.0 for 10 min to retrieve antigens. Following a 30-min incubation in Dako protein blockage solution, the tissue sections were incubated in rabbit monoclonal antibodies against BRCA1 (1:250, ab16780; Abcam) or Ki67 (1:300, sc15402; Santa Cruz Biotechnology) for 90 min, followed by incubation in a HRP polymer-conjugated secondary antibody (k4061; Dako, Glostrup, Denmark)
for 40 min. The immunoreaction was visualized in DAB/ H 2 O 2 . The specificity of the immunoreactions was verified by replacing the primary antibodies with PBS. Ten high-power fields were selected randomly in slides of each group using an image analysis system (Eclipse 90i; Nikon Instrument Inc., Tokyo, Japan), and the numbers of positively stained cells were counted using the Nikon NIS-Elements version 3.0 software and the percentage of positive cells was calculated.
Statistical analysis. Data are presented as the means ± standard deviation and analyzed using ANOVA with Tukey's post hoc test. Statistical analysis was undertaken using SPSS 13.0 software for Windows (SPSS Inc., Chicago, IL, USA). Two-sided P-values <0.05 were considered to indicate statistically significant differences.
Results

Transfection of the PCa cell lines, LNCaP and C4-2B, with
HIF-1α overexpression plasmid leads to β-catenin translocation to the nucleus. In both the LNCaP and C4-2B cells, the expression of HIF-1α and its downstream regulatory proteins (Glut-1 and VEGF) was significantly increased 72 h following transfection with the HIF-1α overexpression plasmid (Fig. 1A-D) . In the HIF-1α overexpression group, the total expression of β-catenin ( Fig. 1A and E) , the phosphorylation of Ser45 and Y654 of β-catenin (Fig. 1A, F and G) , the total expression of GSK-3β ( Fig. 1A and H ) and the phosphorylation of Ser9 of GSK-3β ( Fig. 1A and I) were all significantly increased compared to the negative control group. By contrast, β-catenin expression and phosphorylation at Ser45 and Y654 were successfully inhibited in the β-catenin silenced group in both cell lines; however, the increased phosphorylation of GSK-3β Ser9 was not reversed by β-catenin silencing.
The immunofluorescence staining of β-catenin suggested that in negative control group, β-catenin expression was mainly found in the cytoplasm in both the LNCaP and C4-2B cells. In the HIF-1α overexpression group, β-catenin expression was observed mainly in the nucleus, and the inhibition of β-catenin in the β-catenin silenced group led to diminished β-catenin staining ( Fig. 2A and B) . In both cell lines (Fig. 2C and D) , the percentage of stained cells for β-catenin in the nucleus was significantly higher in the HIF-1α overexpression group than in the negative control group (LNCaP cells, P=0.0036; C4-2B cells, P=0.0011) and β-catenin silenced group (LNCaP cells, P=0.0008; C4-2B cells, P=0.0003).
Downstream signals induced by HIF-1α overexpression trigger β-catenin nuclear translocation.
Western blot analysis of both the LNCaP and C4-2B cells revealed that the HIF-1α overexpression group had a significantly reduced expression of the transmembrane epithelial proteins, E-cadherin and CK18, but an increased expression of the cytoplasmic mesenchymal proteins, vimentin, VEGFR, fibronectin and MMP-2 (Fig. 3A) compared with the two other groups. The in vitro invasion assay revealed that cell invasion was increased in the HIF-1α overexpression group from 24 to 72 h compared with the negative control group (LNCaP cells, P=0.0248; C4-2B cells, P=0.0112) and the β-catenin silenced group (LNCaP cells, P=0.0018; C4-2B cells, P=0.0001) at 72 h in both cell lines ( Fig. 3B-D) . Furthermore, the above-mentioned observations were associated with an increased cell proliferation in the HIF-1α overexpression group from 0 to 72 h compared with the negative control group (LNCaP cells, P=0.0146; C4-2B cells, P=0.0095) and β-catenin silenced group (LNCaP cells, P=0.0072; C4-2B cells, P=0.0026) at 72 h, based on the results of MTT assay ( Fig. 3E and F) .
Effect of β-catenin nuclear translocation on cell cycle distribution, apoptosis, and NHEJ repair.
Western blot analysis of both the LNCaP and C4-2B cells revealed that the phosphorylation of cell cycle regulators (including CDK1, Chk1, Chk2 and Rb) was significantly enhanced at 72 h in the HIF-1α overexpression group compared with the other 2 groups (P<0.05), while the total expression of each of these proteins did not differ among the 3 groups (Fig. 4) .
Flow cytometric analysis (Fig. 5A and B (including caspase-3, cleaved-caspase-3, caspase-7, cleavedcaspase-7, cleaved-PARP-1 and Bax) and the DSB marker (γH2AX) was decreased at 72 h in the HIF-1α overexpression group compared with the other 2 groups. By contrast, the protein expression levels of anti-apoptotic proteins (including Bcl-2 and Bcl-xL) and NHEJ repair proteins (including Ku70, Ku80 and DNA-PKcs) was increased in the HIF-1α overexpression group compared with the other 2 groups (Fig. 5C ). In addition, the expression of the above-mentioned apoptotic regulators, anti-apoptotic proteins, and NHEJ repair proteins was similar between the β-catenin silenced and negative control groups.
Effect of β-catenin nuclear translocation on cell cycle distribution, apoptosis and NHEJ repair following irradiation.
The results of flow cytometric assay (Fig. 6A-D) revealed that in the both LNCaP and C4-2B cells following irradiation treatment, the HIF-1α overexpression group had a significantly greater S phase cell population (LNCaP cells, P=0.0092; C4-2B cells, P=0.0027) and a decreased sub-G1 cell population (LNCaP cells, P=0.0045; C4-2B cells, P=0.0039) compared with the negative control group. β-catenin silencing markedly reversed the effects of HIF-1α transfection and led to a decrease in the S phase cell population (LNCaP cells, P=0.0045; C4-2B cells, P=0.0006) and an increase in the sub-G1 cell population (LNCaP cells, P=0.0014; C4-2B cells, P=0.0003).
In addition, the results of colony formation assay revealed an approximately 4-fold greater number of clones in the HIF-1α overexpression group than in the negative control group (LNCaP cells, P=0.0201; C4-2B cells, P=0.0091) and β-catenin silenced group (LNCaP cells, P=0.0046; C4-2B cells, P=0.0074) at 72 h, while no significant differences were observed between the β-catenin silenced and negative control groups ( Fig. 6E and F) .
DNA fragmentation was significantly lower in the HIF-1α overexpression group than in the negative control group (LNCaP cells, P=0.0392; C4-2B cells, P=0.0153) and β-catenin silenced group (LNCaP cells, P=0.0476; C4-2B cells, P=0.0301) at 72 h in both the LNCaP and C4-2B cells following irradiation treatment ( Fig. 6G and H) .
Similar to the above-mentioned experiments without radiation in both the LNCaP and C4-2B cells, the post-irradiation expression of cell cycle regulators (including p21, p-CDK1, p-Chk1, p-Chk2 and p-Rb) was significantly enhanced at 72 h in the HIF-1α group overexpression compared with the β-catenin silenced and negative control groups, while the total expression of each of these proteins did not differ among the 3 groups. Additionally, the post-irradiation protein expression of apoptotic regulators (including caspase-3, cleaved-caspase-3, caspase-7, cleaved-caspase-7, cleaved-PARP-1 and Bax) and the DNA DSB marker (γH2AX) was decreased at 72 h in the HIF-1α overexpression group compared with the other 2 groups. By contrast, the protein expression of anti-apoptotic proteins (including Bcl-2 and Bcl-xL), and NHEJ repair proteins (including Ku70, Ku80 and DNA-PKcs) was increased in the HIF-1α overexpression group compared with the β-catenin silenced and negative control groups (Fig. 6I) . In addition, the expression of the above apoptotic regulators, anti-apoptotic proteins, and NHEJ repair proteins was similar between the β-catenin silencing and negative control groups.
Effect of β-catenin nuclear translocation on tumor growth following in vivo irradiation in mice.
The in vivo imaging of orthotopic models indicated that HIF-1α-overexpressing LNCaP cells produced tumors with a 3-fold greater volume (P=0.0031) and a 2-fold greater wet weight (P=0.0394) than those produced by the negative control cells on day 21. The cells in which β-catenin was silenced produced tumors with a reduced tumor volume (P=0.0003) and tumor wet weight (P=0.0175) than the HIF-1α-overexpressing cells (Fig. 7A-C) . In addition, the C4-2B subcutaneous models exhibited similar tumor-promoting effects induced by HIF-1α-overexpressing cells (tumor volume, P=0.0001; and wet weight, P=0.0473); in addition, the cells in which β-catenin was silenced also produced tumors with a lower volume and wet weight (tumor volume, P<0.0001; and wet weight, P=0.0221), similarly as in the LNCaP orthotopic tumor xenograft model with regard to tumor volume and tumor wet weight (Fig. 7D-F) .
Effect of β-catenin nuclear translocation on tumor proliferation following in vivo irradiation in mice. The results of immunohistochemistry revealed that the expression of Ki67 and BRCA-1 was significantly increased in the HIF-1α overexpression group compared with the negative control group (Ki67: LNCaP cells, P=0.0073; C4-2B cells, P=0.0105; BRCA-1: LNCaP cells, P=0.0164; C4-2B cells, P=0.0279) on day 21 in both the LNCaP orthotopic and C4-2B subcutaneous in vivo irradiation models. After β-catenin was silenced, the expression levels of Ki67 and BRCA-1 were both decreased (Ki67: LNCaP cells, P=0.0006; C4-2B cells, P=0.0004; BRCA-1: LNCaP cells, P=0.0002; C4-2B cells, P=0.0018) compared with the HIF-1α overexpression group (Fig. 8) .
Discussion
Although recent studies have suggested that the activation of the FGFR/PLCγ signaling pathway (23) induced by HIF-1α or the functional interplay of the ERKs/DNA-PKcs signaling pathway (24) with HIF-1α exerts an independent effect on radioresistance in malignant tumors, the molecular mechanisms responsible for the radioresistance promoted by HIF-1α remain unclear.
β-catenin is involved in the PCa metastatic cascade. Therefore, this study aimed to investigate the role of HIF-1α and β-catenin in radioresistance in PCa. The results revealed that HIF-1α overexpression led to β-catenin activation and nuclear translocation in the PCa cell lines, LNCaP and C4-2B, and in turn this upregulated cell proliferation and cell invasion, increased cell cycle distribution at the G0/G1 phase, reduced apoptosis/DNA fragmentation, and enhanced DNA NHEJ repairing activity. By contrast, β-catenin silencing reversed these changes. Following irradiation, β-catenin activation reduced DNA fragmentation and enhanced colony formation, which was reversed by β-catenin silencing. Orthotopic and subcutaneous tumor models further confirmed that tumor growth was the highest in the HIF-1α overexpression tumor models and the lowest in the β-catenin silenced tumor models. Taken together, these results strongly suggest that β-catenin nuclear translocation is a key process in the radioresistance of PCa.
Cojoc et al found that acquired radioresistance was associated with the loss of E-cadherin expression and the increased expression of β-catenin (18) . The present study also demonstrated that HIF-1α overexpression led to the loss of E-cadherin, while it enhanced β-catenin nuclear translocation, which is of importance, as E-cadherin binding to β-catenin keeps β-catenin in the cytoplasm and prevents its nuclear translocation, while HIF-1α can suppress the expression of E-cadherin by upregulating Snail (25, 26) . Therefore, the expression of E-cadherin and β-catenin is both regulated by HIF-1α. In other type of cancer (such as lung cancer and rectal adenocarcinoma), β-catenin has been found to regulate tumor radioresistance (27, 28) . Wang et al were able to use the overexpression (>50% of positive tumor cells) of nuclear β-catenin to predict radioresistance in patients with rectal adenocarcinoma and achieved 83% accuracy, 65% sensitivity and 88% specificity (27) . The present study using both PCa cell lines and animal prostate tumor xenograft models produced similar results in terms of enhanced radioresistance post-β-catenin nuclear translocation.
β-catenin, through its nuclear translocation, achieves transcriptional activity by binding to the transcriptional factor, LEF/TCF (29) . In the study by Zhao et al, the overexpression of HIF-1α stimulated the invasive potential of human PCa cells through the EMT pathway, and the Wnt/β-catenin signaling pathway played a vital role in this process (19) . This is due to the loss of epithelial features and the acquisition of mesenchymal properties through the EMT pathway leads to migration of individual cells (30) . In the present study, the enhanced expression of cytoplasmic proteins over transmembrane proteins, as well as enhanced cell invasion post-β-catenin nuclear translocation were induced by HIF-1α overexpression, in line with the findings of previous studies mentioned above.
Previous studies have suggested that radioresistance is a result of intrinsic adaptations; for instance, the activation of the radiation-induced DNA damage response, enhanced DNA repair capability, increased intracellular defense against ROS, and the activation of the survival pathways (31, 32) . Cellular response to DNA damage is coordinated primarily by two signaling cascades, the ATM-Chk2 and ATR-Chk1 pathways. Following DNA damage by ionizing irradiation, Chk1/2 becomes phosphorylated by ATR/ATM and arrests cell proliferation to allow DNA repair (18) . In the present study, radiation treatment led to β-catenin activation and nuclear translocation, as well as to the activation of the Chk1 and Chk2 pathways, reduced apoptotic markers and DNA fragmentation, enhanced cell proliferation, and cell cycle arrest at G0 (increased Ki67 expression) that allows sufficient DNA repair before cell division.
Based on the studies mentioned above and the current findings, a radioresistance mechanism in prostate tumors can be summarized as follows: First, the hypoxic environment in prostate tumors activates the expression of HIF-1α, which in turn suppresses E-cadherin expression and promotes the entry of free β-catenin into the nucleus. In addition, hypoxia induces Src kinase-dependent β-catenin phosphorylation at Y654 (33) . Y654-β-catenin phosphorylation disrupts the association between β-catenin and E-cadherin, favoring its transcriptional activity (34) . Once β-catenin achieves nuclear translocation, it regulates the transcription of genes involved in the EMT pathway and regulates cell cycle, DNA repair, apoptosis and cell proliferation. Subsequently, β-catenin nuclear translocation leads to radioresistance of cancer cells. In the present study, in the HIF-1α overexpression group, the increased phosphorylation of GSK-3β at Ser9 was not reversed by β-catenin silencing, indicating that the phosphorylation of GSK-3β is likely regulated by hypoxia or HIF-1α independent of β-catenin pathway.
In conclusion, this study firstly described a comprehensive molecular mechanism that may contribute to the development to radioresistance of PCa under HIF-1α overexpression using both PCa cell lines and animal prostate tumor xenograft models. The results of our findings shed light into the selection of molecular targets for improving the radiosensitivity of prostate tumors and hence the effectiveness of radiation treatment.
